The A phage choice between lysis and lysogeny is influenced by certain host functions in Escherichia coli. We found that the frequency of A lysogenization is markedly increased in the ftsHI temperature-sensitive mutant.
When temperate phage infect a host cell, two productive outcomes are possible, lysis and lysogeny (for reviews see refs. 1 and 2). Many factors influence this decision, including the genotype and the physiological state of the infected cell, the phage genotype, and the multiplicity of infection. For phage A, Escherichia coli mutants are known which favor the lytic response (lon, cya) or the lysogenic response (hflA, hflB) (for review see ref. 3) . Phage A itself has complex regulation, changes in which can tip the balance one way or the other. Perhaps the most important single regulator is the phage cII protein (4) . This protein is a transcriptional activator of the cI gene (coding for the phage repressor, which maintains the lysogenic state once established) and of the int gene (coding for integrase, required for integration of the phage DNA into the bacterial chromosome, a prerequisite for inheritance of the lysogenic state). Thus, a high cII concentration shortly after infection tends to favor lysogeny, whereas a low cII concentration favors lysis (5, 6) .
The cII concentration seems to be the critical factor in the lysis-lysogeny decision, and the regulation of this concentration is intricate. Transcription of the cII gene is repressed by the phage repressors cI and Cro and enhanced by the N protein through antitermination. cII translation is enhanced by the host protein complex IHF. Once synthesized, cII protein is rapidly degraded. Its stability is affected positively by the phage cIII protein and negatively by the host hflA and hflB gene products, and the HflA protein complex has been shown to cleave clI in vitro (5) (6) (7) .
It is remarkable that under exponential growth conditions some infected cells of a bacterial population follow the lytic
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pathway and others the lysogenic. The basis for this difference is unclear. One possibility is that cell age can influence the decision between lysis and lysogeny. Better knowledge of host products that affect the decision may help shed light on the basis for differences among individual cells.
We demonstrate here that the ftsHJ mutation markedly alters the balance between lysis and lysogeny. The original ftsH strain, Y16, makes filaments at 42°C and is thermosensitive for growth (8) . It was found to contain two mutated genes,ftsl andftsH (9) . Filamentation is due to the alteration of the ftsl gene, encoding a septum-forming enzyme, penicillin-binding protein 3 (PBP3), whereas thermosensitivity (and strain-dependent filamentation) is due to the ftsHl mutation (9) . TheftsH gene is located at 69 min on the E. coli genetic map (8) and encodes a 70.7-kDa protein (10, 11) . The deduced protein sequence has striking homologies (38-48% identity in a stretch of -200 amino acids) with a eukaryotic protein family having putative ATPase activity, including Secl8p, Cdc48p, Paslp, VCP, NSF, SUG, TBP-1, MSSlp, and BCSlp (11, 12) . In contrast to its eukaryotic homologues (except BCS1), FtsH is a membrane protein, anchored in the inner membrane at the NH2 terminus, with most of the protein facing into the cytoplasm (13) . It has been suggested that FtsH is required for normal PBP3 activity since the amount of PBP3 in the membrane decreases in the ftsHI mutant (refs. 9, 10, and 14; T.T. and T.O., unpublished observation).
We show here that theftsH gene is identical to hflB, which is involved in A phage development. The hflB gene (for high frequency of lysogenization) was identified through a bacterial mutant which enhances the lysogenic response (6, 15) . The hflB29 mutation results in increased stability ofthe phage cII protein; it has been suggested that the HflB protein codes for a protease active on cII (6) . In the absence of phage, the mutant does not exhibit any particular physiological phenotype (6) .
The discovery that FtsH and HflB are identical and the collective data on these two proteins lead us to propose that FtsH/HflB governs an essential ATP-dependent protease activity. It may be a membrane component of this protease. Alternatively, it may be a chaperone-like protein which maintains potential protease substrates in an accessible configuration. In either case, it seems to be involved in proteolysis by a specific protease. Suppressors offtsHl lethality have been located in thefur gene, encoding the ferric uptake regulator. One explanation of this observation is that the Fur protein (or a Fur-controlled protein) is a cellular target of the FtsH/HflB-controlled protease. Alternatively, FtsH/HflB activity could be related to the cell's iron metabolism; by analogy with an FtsH eukaryotic homologue, we suggest that it might participate in the assembly of iron-sulfur proteins.
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MATERIALS AND METHODS
Bacterial Struains, Phages, and Plasmids. The strains used in this work are all E. coli K-12 derivatives. We constructed two isogenic series, one in strain 594, genotype lac-3350 (lacZ lacI+) galK2 galT22 rpsL179 (16) , and one in strain CSH50, genotype A(pro-lac) thi araD139 rpsL (17) . The ftsH) and hflB29 alleles were introduced by cotransduction with a zgj-203::Tn)O insertion (which is also present in the ftsH+ strains) and the fur::Tn5 and hflA::TnS alleles by direct transduction. The sources of mutations were Y16 for ftsH) (8) , X9393 for hflB29 (6), X9392 for hflA: :Tn5 (6), QC1470 for fur::Tn5 (18), and CAG12152 for zgj-203::Tn)O (19) . The A phages used were A c+ (20) , A cIII67 (4), A c17 (21), A c17 clI (22) , A c17 int (laboratory collection), A cI857(Ts) CamlO5 (23) , and A c+ Caml05 (see below). Phage P1 vir was used for transduction as described (17) . Plasmid pAR145 carries the intactftsH gene cloned downstream of the lac promoter of a low copy number chloramphenicol-resistant pSC101 derivative, pHSG575 (13 The frequency of lysogenization was quantified by using a A phage conferring chloramphenicol resistance, A CamlO5. This phage carries a gene coding for chloramphenicol acetyltransferase in a nonessential region but in all other respects is identical to the wild-type A c+. Lysogenization frequency was calculated as the ratio of chloramphenicol-resistant clones to infected cells. In the parental strain, the frequency of lysogeny was 0.1% (Table 2) , whereas in the hflB29 mutant, the frequency was 10% at all temperatures tested (30°C, 370C, and 420C). In the thermosensitive mutantftsHI, the frequency oflysogeny was 0.6% at 300C, increasing to 6% at 42°C. This result confirms the thermosensitive Hfl-phenotype offtsHI and also reveals a slight Hfl-phenotype at 300C.
Introduction of plasmid pAR145, carrying the wild-type ftsH+ gene, into hflB29 derivatives suppressed the Hfl- (Table 2) . A c+ spot tests in hflB29 or ftsHI strains containing pAR145 gave turbid plaques, while a wild-type strain containing pAR145 gave clear plaques (Table 1) . This difference may be explained by low expression of FtsH from pAR145 and/or a partial dominance of the FtsH altered protein in hflB29 or ftsH) ( Table 2 ).
To confirm that the ftsH gene in the hflB29 mutant was altered, theftsHgene of strain X9393 (hflB29) was cloned and sequenced. The X9393 ftsH gene sequence agreed with the published sequence (13) with the exception of a single base substitution, A-2473 to G, changing His-536 to Arg. The mutation should inactivate an Nde I DNA restriction site of an hflB29 strain; this was verified by Southern analysis of X9393 whole cell DNA cut with Nde I, using pAR145 fragments as probe (data not shown). The ftsH) mutant has two mutations, changing Glu-462 to Lys and Pro-587 to Ala (13) , in the same region as the hflB29 mutation. The Hfl-phenotype offtsHl, the suppression of hfIB29 by a plasmid carrying the wild-type ftsH gene, the genetic location of ftsH and hflB at 69 min, and the presence of a mutation in the ftsH gene of the hflB29 mutant all strongly suggest that the ftsH gene is identical to hflB.
HflA and HflB Degrade the cIl Protein Through Different Pathways. The isolation of bacterial mutants for high frequency of lysogeny of phage A permitted the isolation of hflA and hflB mutants (15) . The hflA locus, at 95 min, has been well characterized. It codes for three polypeptides, HfIX, HflK, and HflC (29, 30) . HflK and HflC, which copurify as a membrane-bound complex called HflA (7, 31) , are innermembrane proteins with most of their protein facing into the cytoplasm (30) . HflKC degrades cII protein in vitro (7) and has a proteolytic activity which has recently been proposed to be regulated by a putative GTPase activity of HflX (30) .
Since the hflB and hflA mutations both increase cII half life, one might expect HfLA and HflB to act through the same degradation pathway. However, the hflB mutation increases the frequency of lysogenization even in an hflA null background (6) , suggesting that HflB is involved in a second pathway of cII degradation. To confirm this, we constructed an ftsH) mutant in which the proteolytic activity of HflA is completely inactivated by the insertion of a TnS transposon into the hflK gene (first characterized as hflA::Tn5), which has a polar effect on expression of the hflC gene (6, 31) . On this ftsH) hflA::TnS double mutant, A c+ could not make plaques at 37°C, although it made turbid plaques on both single mutants (Table 1) . A cIII, which makes clear plaques on a wild-type strain and turbid plaques on hflA: :TnS, hflB29, and ftsHl mutants, made very turbid plaques on the ftsHJ hflA: :TnS double mutant. These differences revealed a more pronounced Hfl-phenotype of the double mutant than the single mutants, hflA::TnS and ftsHJ. As expected, the extreme Hfl-phenotype was also observed with the hflA::Tn5 hflB29 double mutant at all temperatures tested (30°C, 37°C, and 42°C). These results were confirmed by measurements of lysogenization frequency: all A Cami05 infecting the double mutants hflA hflB (at 30°C, 37°C, and 42°C) and hflA ftsHJ (at 42°C) gave rise to lysogens (Table 2) , indicating strong stabilization of cII. The ability of the ftsHI and hflB29 mutations to increase the Hfl-phenotype when the protease HflA is completely inactivated clearly shows that there are at least two pathways of cII inactivation.
The frequency of lysogenization in the hflA single mutant decreased from 75% at 30°C to 17% at 42°C. The frequency in the hflA ftsH) double mutant also decreased from 80% at 30°C to 45% at 37°C. The temperature effect is not understood, but it suggests stronger stabilization of cII at low temperatures. Very strong stabilization of the cII protein is known to prevent A vl v3 growth (6) . Using this test, we found that A vl v3 made plaques on the hflA single mutant at 37°C and 42°C but not at 30°C. Similarly, A vl v3 grew on the hflB29 and ftsHI single mutants (30°C, 37°C, and, for hflB, 42°C) but not on the double mutants hflA hflB or hflA ftsHI (30°C, 37°C, or 42°C).
Phage A c+ makes clear plaques on a wild-type strain carrying a plasmid overproducing FtsH ( Table 1) , showing that an excess of FtsH markedly decreases the lysogenization frequency; presumably by increasing cII degradation. Since we suspected similar anti-cII activity for FtsH/HflB and HflA, we tested whether FtsH overproduction could replace HflA activity. A plasmid overproducing FtsH, introduced into the hflA::Tn5 strain, compensated for the Hfl-phenotype (Tables 1 and 2) .
Excess FtsH/HflB thus seems able to replace HflA for cII degradation, although FtsH/HflB controls a proteolytic pathway different from HflA. Experiments in which we quantified the lysogenization frequency after brief exposure to 42°C (cf. Materials and Methods) revealed that the thermosensitive effect offtsHI is perceived within 5 min (data not shown). This result suggests that FtsH/HflB action is probably not mediated through transcription or translation, but rather that FtsH either is itself a protease degrading cII protein or directly affects the action of such a protease-e.g., by interacting with the substrate.
Effect of fur Mutations onftsHL. The ftsHl mutant cannot grow at 42°C. Extragenic suppressors of this thermosensitivity have been shown to carry a mutation in the fur gene, coding for the ferric uptake regulator (ref. 10 ; T.T. and T.O., unpublished observation). Inactivation of thefur gene results in the overexpression of a set ofgenes mostly involved in iron uptake (32 (Tables 1 and 2 ). Thus the suppression of thermosensitivity byfur does not restore FtsH+-like activity with respect to clI degradation.
Since the inactivation of Fur suppressesftsHJ thermosensitivity at 42°C, one can speculate that the FtsH/HflBgoverned protease must process an essential protein of the Fur regulon (or Fur itself). Alternatively, it is possible that the deregulation of iron uptake, resulting in increased intracellular iron in fur mutants, could partially compensate for the ftsH) deficiency (cf. Discussion).
Since genes regulated by Fur are strongly repressed by anaerobiosis, we tested ftsH) for its ability to grow anaerobically at 42°C. We found that the ftsH) mutant was able to grow in an anaerobic incubator at 42°C, regardless of the presence of the fur suppressor (C.H. and P.B., unpublished observations). This could be explained either by a reduction in the requirement for Fur-controlled products in anaerobiosis or by the change in oxidation state, resulting in an increase in ferrous iron.
DISCUSSION
Individual E. coli cells behave differently with respect to the lysis-lysogeny decision of infecting phage A, even in cultures in balanced, unrestricted growth, during which cells differ only in age. The factors determining these cell-to-cell differences are not understood, although several host functionsHflA, HflB, the cAMP-cAMP-binding protein complex, and Lon-are known to influence the decision. We have searched for new host genes regulating A lysogeny. Among nine cell division (fts) mutants, ftsH) showed an altered lysogenization frequency. Further analysis established that the ftsH gene is identical to hflB: both genes are located at 69 min, the ftsH) mutant has an Hfl-phenotype, the hflB29 mutant has a point mutation in its ftsH gene, and an ftsH+ plasmid suppresses the Hfl-phenotype of hflB29.
This identity allows us to pool genetic and molecular information on FtsH and HflB. Studies of theftsH gene have shown that it codes for an inner membrane protein of 70.7 kDa (10, 11, 13) . The deduced protein sequence, with a potential ATP-binding site, has significant homology with a eukaryotic family ofputative ATPases, suggesting that FtsH/ HflB is an ATPase (11, 12) . The hflB29 mutation increases the lysogenization frequency of phage A by stabilizing the A cII protein (which in turn activates transcription of cI, repressor of the lytic functions). This stabilization shows that FtsH/HflB is involved, directly or indirectly, in the degradation of cII (6) .
It has been demonstrated in vitro that the HflA complex has anti-cII protease activity (7). This complex is dispensable for bacterial growth and, in hflA null mutants, clI is still somewhat unstable, indicating the existence of a second anti-cII protease. Although the hflB29 mutant has the same phenotype as hflA, it has not been shown that HflB is itself a protease. Like HflA (30, 31) , FtsH/HflB is a membrane protein, but in contrast to it, it is essential. A strain in which the ftsH gene has been deleted is viable only if it expresses a wild-type ftsH gene on a plasmid (T.T., T.O., Y.A., and K.I., unpublished observations).
Introduction of the hflB29 (6) FtsH/HflB has an essential function clearly involved, directly or indirectly, in a proteolytic pathway. Cell lethality in the absence of FtsH function may be due to an excess of one or more target proteins of this protease. Inactivation of the ferric iron uptake regulator, Fur, restores growth of the ftsHI mutant at 42°C (10), although theftsHlfur: :Tn5 double mutant retains a temperature-dependent Hfl-phenotype. One interpretation of this result, as argued above, is that Fur is itself a substrate of the FtsH/HflB-governed protease and, when protease activity is low, the excess of Fur overrepresses a gene whose product is essential for aerobic growth. An alternative interpretation depends on the fact that fur inactivation, like anaerobiosis, results in an increase in intracellular ferrous iron. One can thus speculate that a high iron pool overcomes ftsHl lethality, either by stabilizing the mutant FtsHl protein or by acting on its target.
The BCSI gene of Saccharomyces cerevisiae is the only knownftsH eukaryote homologue found in membranes (36) . Interestingly, bcsl mutants are respiration deficient and present a gross reduction in the Rieske iron-sulfur protein.
The BCS1 protein may carry out a chaperone-like function (36) . Although E. coli and S. cerevisiae are only distantly related, it is tempting to assign a similar role to FtsH and BCS1. Such a role would be compatible with the finding that FtsH may have chaperone-like activity involved in membrane protein assembly (T.T., T.O., Y.A. and K.I., unpublished observations). The striking suppression offtsH) thermosensitivity by fur inactivation or in anaerobiosis and the analogy with BCS1 suggest the following model. FtsH is a chaperone-like protein involved in the assembly of ironsulfur proteins and in the proteolytic degradation of A clI protein, where it could be required for the presentation of clI to an as yet unidentified protease. For the first role, but not for the second, ftsHI deficiency can be compensated for by increased intracellular ferrous iron.
The predicted amino acid sequence of FtsH is similar to the sequences of a family of eukaryotic proteins with putative ATPase activity (11, 12) involved in processes such as membrane fusion (37, 38) , cell division (39), protein assembly (36) , and regulation of gene expression (40) . On the basis of our results, we propose that all these proteins may be energy-dependent chaperones involved in proteolytic pathways.
